Potato late blight, caused by the oomycete Phytophthora infestans (Mont.) de Bary, is one of the most serious potato (Solanum tuberosum L.) diseases, causing considerable yield loss in potato production worldwide, including Latvia. At present, the data on the population characteristics of P. infestans in Latvia is sparse. Therefore, the main aim of this study was to collect new data on Latvian isolates of P. infestans, to determine the main characteristics of the pathogen, particularly mating types, metalaxyl resistance and virulence with Black's differential set of potato genotypes containing resistance (R) genes R1-R11. During 2010-2012, 181 isolates of P. infestans were collected from 23 potato fields, from 13 locations in Latvia. Out of 181 isolates tested, 52.5% were A1, 43.1% -A2 and 4.4% -self-fertile mating type. Of 116 isolates screened for resistance to metalaxyl, 25.9% were resistant, 19.8% -intermediate and 54.3% -sensitive. More than 80% of isolates were virulent to R1, R3, R4, R7, R10 and R11, while 33% or fewer isolates were virulent to R5, R8 and R9. The least frequent was virulence against R9 in 24% of isolates. Our study revealed that the Latvian population of P. infestans is diverse. The proportion of mating types and the occurrence of both A1 and A2 in the same field indicate the possibility of sexual recombination in Latvian fields. Thus, it is very important to keep the crop rotation system, to prevent soil contamination with long-living oospores. The Latvian population of P. infestans shares many similarities with other European populations, which suggests gene flow between populations.
Introduction
Potato late blight, caused by the oomycete Phytophthora infestans (Mont.) de Bary, is one of the most serious potato (Solanum tuberosum L.) diseases in the world, which has been studied for a long time by different plant pathologists worldwide. The disease can cause severe potato famine, as happened in Ireland in 1845, resulting in the displacement/death of 1/3 of Irish people (Fry, 2008) . Despite all the research on P. infestans, it remains a major problem in agriculture and one of the worst crop diseases in the world. Control of potato late blight can be achieved by using anti-oomycete fungicides regularly (Cooke et al., 2012) , but this is expensive, for example, in Europe, it costs one billion euros (including fungicides and unusable crops) (Haverkort et al., 2008) , and the canopy must be treated weekly, when inoculum is already present, and the weather conditions are favourable for disease spread . In Latvia, potato late-blight is a serious problem for both small-garden and large scale potato growers, who have to apply fungicide to protect plants from infection. For instance, in the vegetation period with favourable weather conditions for late blight development, tuber yield formation was interrupted two weeks earlier in an organic potato production field without any fungicide compared to in a conventional field where fungicide was applied (Skrabule, 2010) . Late blight development depends on potato varietal resistance, the foliage of potato varieties with higher resistance were less damaged by late blight, as was also found in Denmark, Estonia, Poland, Lithuania and Latvia (Hansen et al., 2005) . Thus,
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The structure of mating type, metalaxyl resistance and virulence of Phytophthora infestans isolates collected from Latvia it is very important to use only certified seed material of resistant potato varieties and to keep a proper crop rotation (Bimšteine, 2008) thereby reducing spending on fungicides and contamination of the environment and food. P. infestans is heterothallic and can be either A1 or A2 mating type (Drenth et al., 1995) . Both mating types can reproduce asexually which is a very fast way for the disease to spread. Yuen and Andersson (2013) reported that, for example, in North and South America, Asia and Africa, P. infestans reproduces mainly asexually. For sexual reproduction it has to produce gametangia and needs both A1 and A2 mating types to be present resulting in the production of oospores, which can survive in the soil for up to ten years without a susceptible host (Drenth et al., 1995) . Until the early 1980s, the A1 mating type dominated European populations of P. infestans (Gisi, Cohen, 1996) . The first report in Europe, on mating type A2, was from Switzerland in 1981 (Spielman et al., 1991) , but since then, the A2 mating type has been found in almost every European country (Gisi, Cohen, 1996) . The "old" population was displaced by the "new" and more aggressive population which resulted in earlier outbreaks of the disease (Fry et al., 1993) .
Recent studies in Great Britain have discovered a new aggressive lineage of P. infestans, which can overcome host resistance (Cooke et al., 2012) . The pathogen has adapted well in different conditions thus securing its survival, for example, in Northern Europe (also in Toluca Valley, Mexico), it has become a soil borne pathogen due to its ability to reproduce sexually (Yuen, Andersson, 2013) and does not need tubers or plant debris to survive over winter. At the same time Kildea et al. (2013) have reported finding P. infestans strains, similar to the former dominant population which had disappeared for more than thirty years (except one finding in 1990s), in Great Britain. Populations of P. infestans thus undergo continuous change and scientists face the challenge to outrace the pathogen development.
At present, there is insufficient data on population characteristics of P. infestans in Latvia. The identification of P. infestans races during [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] was carried out by the Institute of Phytopathology of Soviet Union (Russia), and the A2 mating type of P. infestans was recorded for the first time in Latvia in 1987 (Bebre et al., 2004) . Earlier studies have reported that formation of oospores takes place in Latvian potato fields, but so far, the ratio between mating types A1 and A2, is unknown (Bimšteine, 2008) .
Potato is a very important food source in Latvia. Potatoes are used mainly for marketing and also for the food industry producing potato chips and starch. Those of lower quality are sometimes used for animal feed (Cudere, 2008) . Most farms (97%) produce potatoes on less than 1 ha and only 0.5% of farms grow potatoes on more than 5 ha. The average number of treatments against late blight in farms with a plantation size up to 0.5 ha is 1 and in farms with a larger potato area, 3-5 times (Cudere, 2008) . The average yield losses in Latvian agroecological conditons are 15-30%, but in favourable years for late blight development, potato yield losses reach 30-60% (I. Skrabule unpublished data).
Potato late blight has considerable importance in Latvian potato production. Therefore in this study, P. infestans isolates collected from Latvia were tested to determine the main characteristics of the late blight pathogen like mating types, metalaxyl resistance and virulence, in order to help develop and optimize control strategies against late blight, and to share this information with scientists (potato breeders), advisors and potato growers. It is also very important to compare populations of P. infestans in Latvia with other European populations of the pathogen.
Materials and methods
Collection and isolation of isolates of Phytophthora infestans. During 2010-2012, 181 isolates of P. infestans were collected from different regions and different agro-intensity farms (23 potato fields, from 13 locations) in Latvia (Fig. 1, Table) . The late blight samples were collected from large scale conventional farm fields (12), small scale conventional farm fields (6), organic fields (3) and trial fields with breeding lines (2). All of the isolates were collected from infected leaves, each with a single lesion. All the collected leaflets were placed between washed and sliced potato tubers and transported in cool conditions to the laboratory. Collection of the isolates took place at the beginning of the outbreak of late blight until 97% of the foliage was destroyed. To culture the pathogen, tubers of the susceptible cultivar 'Berber', without known R-genes were used. Tubers were sterilised in ethanol, flamed and then sliced. Infected leaf tissues were placed between tuber slices, put into sterile Petri dishes and incubated in a growth chamber for 6-7 days at 16°C. When the mycelia of P. infestans had grown through the slice, a small amount of it was taken with a sterile needle, and placed in a sterile Petri dish, filled with rye B agar (Caten, Jinks, 1968 (Table) , using a modification of the floating-leaflet method (Hermansen et al., 2000) . The susceptible cultivar 'Berber' was used for the test. Potato plants were approximately five-six weeks old, when the leaves were taken and disks (15 mm diameter) cut from them with a cork borer. Six leaf disks were floated in Petri plates (50 mm), each containing 7 ml distilled water or water and metalaxyl solution with concentrations 0.0, 10.0 and 100.0 mg l -1 . The pathogen's sporangia were taken from Petri dishes, where they were grown in pure cultures on rye B agar, and put into distilled water with a pallet. All the leaf disks were infected with a suspension of sporangia (20 µl drop). After inoculation, Petri dishes were maintained in the growth chamber at 16°C and 90% relative humidity. The assessment was carried out after seven days by the same parameters as described in Runno-Paurson et al. (2009) . The isolates were registered as resistant if they sporulated on leaflets in 100 mg l -1 metalaxyl, intermediate if they sporulated in a metalaxyl concentration of 10 mg l -1 but not on leaves floating on 100 mg l -1 , sensitive if they sporulated only in water (0 mg l -1 concentration metalaxyl). Virulence tests. The specific virulence of 156 isolates (Table) was determined using Black's differential set of potato genotypes containing resistance (R) genes R1-R11 (Malcolmson, Black, 1966) provided by the Scottish Agricultural Science Agency, United Kingdom. Due to technical and logistic reasons, virulence tests were carried out in 2010 only for some of the isolates. Potato leaves were obtained from the differentials grown from meristem plants in the greenhouse. The meristem plants were reproduced by Plant Biotechnological Research Centre EVIKA in Saku, Estonia. Leaves were cut from the plants at 6-8 weeks of age. Filter paper was put in the bottom of plastic trays and moistened with distilled water. Leaves were placed lower side up on the filter paper and each leaflet was inoculated with a 20 µl drop of P. infestans sporangial suspension (1.0-4.0 × 10 4 ml -1 sporangia). The trial was carried out in four replications. The plastic trays were covered with polyethylene after the inoculation to maintain high relative humidity and were incubated at 16°C with a 16 h light period. The results were assessed after seven days, using the same scale as indicated for the assessment of metalaxyl resistance. Data analysis. To test for the effects of year (2010, 2011 or 2012), field type (organic, breeding, small scale conventional or large scale conventional) and their interaction on metalaxyl resistance (metalaxyl-sensitive, intermediate metalaxyl-sensitive or metalaxyl-resistant) and mating type (A1, A2 or self-fertile) multinomial models considering also random effect of site nested to field type were fitted with the SAS 9.4 procedure GLIMMIX. As no effects were statistically significant irrespective of considering or not random site effect and the smallest p-values corresponded to year and field type interaction indicating potential presence of more specific relationships, we continued with less general studies applying the Fisher exact test to find the associations of metalaxyl resistance and mating type with sampling year by field types and with field types by sampling year. The Fisher exact test was applied also to study the relationships between metalaxyl resistance and mating type.
The race diversity was calculated with the normalized Shannon diversity index. The pairwise comparison of virulence frequencies against different potato R-genes was performed with logistic model (SAS 9.4 procedure GLIMMIX) considering simultaneously effects of year, field type, their interactions with R-genes and random effect of site nested to field type and followed by the Tukey test for multiple comparison of least square 338 To discover common patterns in virulence against R-genes hierarchical cluster analysis and principal component analysis were performed. The last was used also to study the relationships of sampling year, field type, mating type and metalaxyl resistance with common virulence patterns. Fisher exact tests and all multivariate analyses were performed with statistical software R 3.1.1, for principal component analysis package ade4 was applied. Test results with p < 0.05 were considered statistically significant.
Results
Mating type. Of the 181 isolates tested, 52.5% were A1, 43.1% -A2 and 4.4% -self-fertile mating type. The distribution of mating types did not differ between years (p = 0.55) or between field types (p = 0.40) (Fig. 2) . The interaction effect of year and field type was on the limit but still statistically non-significant (p = 0.060). However, omitting the year 2010, where no breeding and organic fields were presented, a statistically significant association between mating type and field type was found (p = 0.004) -if A1 mating type had almost the same frequency in all type of fields, then A2 mating type was found mostly in large scale conventional fields (56.7% of findings). Comparison of years 2011 and 2012 revealed that this association between mating type and field type persisted in general but with some changes. In 2011, the A1 mating type was found most frequently in large scale conventional fields and less frequently in organic fields (40.6% and 9.4% of findings, respectively), whereas in 2012, the opposite occurred with 31.5% of findings from organic fields and only 15.8% from large scale conventional fields. The A2 mating type was most frequently found in large scale conventional fields in both years, but the frequencies differed quite a lot (45.2% and 66.7% in 2011 and 2012, respectively) . In 2011, 29.0% of A2 mating types were from breeding fields, but in 2012, only 5.6% of A2 findings came from such fields. The self-fertile mating type was found only in small and large scale conventional fields.
Metalaxyl resistance. Of the 116 isolates screened for resistance to metalaxyl, 25.9% were resistant, 19.8% intermediate and 54.3% sensitive to metalaxyl. Although these proportions varied with year, the association between metalaxyl resistance and year was not statistically significant (p = 0.21) (Fig. 3) . Metalaxyl resistant strains were absent from seven fields, five of which were large scale conventional fields, one a small scale conventional and one an organic field. Sensitive strains were absent from four fields, from one organic field and three large scale conventional fields. The distribution of metalaxyl resistance was quite similar over different field types (p = 0.66) and this tendency did not depend on year (p = 0.13).
The percentage of sensitive isolates was the highest among mating type A1 and the percentage of resistant isolates among mating type A2 (Fig. 4) . However, this association was not statistically significant (p = 0.093). But leaving out the self-fertile mating type with only three isolates screened for resistance to metalaxyl resulted in significant association between mating type and metalaxyl resistance (p = 0.044). Studying the association by years revealed that the statistically significant association was found only in 2012 (p = 0.006 and p = 0.003, respectively considering and not the self-fertile mating type). Studying the distribution of metalaxyl resistance over years by mating types revealed a statistically significant change for mating type A1 (p = 0.014) but not for mating type A2 (p = 0.56). Virulence. Of the 156 isolates analysed for virulence, 4 (2.6%) were not virulent against any R-genes and 12 (7.7%) were virulent against all 11 R-genes. More ISSN 1392 -3196 Zemdirbyste-Agriculture Vol. 102, No. 3 (2015 339 than 80% of isolates were virulent to R1, R3, R4, R7, R10 and R11, while 33% or less isolates were virulent to R5, R8 and R9. The least frequent was virulence against R9 with 24% of isolates. In total 69 different pathotypes were detected and 94.1% of isolates were virulent against four or more R-genes. At the same time, the four most common pathotypes made up 33.6% of isolates and no pathotypes exceeded 10% of isolates. The most common races were 1.2.3.4.7.10.11 (15 isolates) and 1.2.3.4.6.7.10.11 (13 isolates). The normalized Shannon diversity index was 0.73. The virulence to specific R-genes was statistically significantly different (p < 0.001) (Fig. 5) . Also, the overall virulence was statistically significantly different between years (p < 0.001) being lower in 2010 and higher in 2012, but not between field types (p = 0.88). The R-genes interaction effects with year and field type were statistically significant (both p < 0.001), indicating that there existed a difference between virulence to specific R-genes in different years and field types. Results of Fisher exact tests followed by Holm correction for multiple testing revealed, that the proportions of isolates virulent to R6 and R9 were statistically significantly different in 2011 and 2012 (p = 0.013 and p = 0.001, respectively). The virulence against the same R-genes was different also at different field types (p = 0.001 and p < 0.001, respectively), whereby the resistance against both R6 and R9 was more common in 2011 and in organic fields. There were no statistically significant relationships between virulence to different R-genes and metalaxyl resistance. Four (R3, R7, R9 and R11) R-genes showed statistically significantly different proportions of virulence among mating types, but only two of these relationships remained statistically significant after correction for multiple testing (R3 -p = 0.011, R7 -p = 0.003) showing higher virulence among A1 isolates.
The hierarchical cluster analysis of virulence against R-genes shows that two groups of genes exist -one group consisting of three R-genes with less frequent virulence (R5, R8 and R9) and the second group containing other R-genes (Fig. 6) . Among the latter, the closest R-genes to the first group are R6 and R2 with intermediate frequency of virulence. This result indicates that if an isolate is virulent against one rare R-gene, it is quite often also virulent against another rare R-gene and also the virulence against more common R-genes tend to exist simultaneously.
Figure 6. Dendrogram of potato R-genes according to hierarchical clustering
The first two principal components describe 44.7% of total variability of virulence against different R-genes. The most common pattern (the first principal component) distinguishes less and more virulent isolates (Fig. 7) and the second pattern distinguishes isolates virulent against less and more common R-genes.
Note. Arrows correspond to factor loadings relating the first two principal components with R-genes and markers denote the average scores corresponding to different values of metalaxyl resistance (MS -metalaxyl-sensitive, MSI -intermediate metalaxyl-sensitive, MR -metalaxyl-resistant), field type (SSC -small scale conventional, LSC -large scale conventional), mating type (A1, A2 and self-fertile) and year (2010) (2011) (2012) .
Figure 7. Results of principal component analysis of R-genes
The analysis of principal components' values (scores) shows that the virulence was generally more frequent in organic fields and among A1 and metalaxylresistant isolates and less frequent in 2010. The virulence against more rare R-genes appeared more frequently in organic fields and in 2011 and less frequently in breeding fields and among intermediate metalaxyl-sensitive isolates.
Discussion
Phytophthora infestans isolates, collected from different regions and different agro-intensity farms in Latvia, were tested to determine the main characteristics of the late blight pathogen and to compare populations of P. infestans in Latvia with other European populations of the pathogen. In our study, we found that the mating type A1:A2 ratio in 2011 and 2012 was close to 1:1, which is perfect for sexual reproduction and formation
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The structure of mating type, metalaxyl resistance and virulence of Phytophthora infestans isolates collected from Latvia of oospores to take place (Turkensteen et al., 2000) . This can be a direct threat to the strategies used to prevent late blight disease and to fight against the pathogen, because it becomes a soil-borne inoculum (Yuen, Andersson, 2013) . The percentage of A1 mating type was higher than the incidence of A2 mating type for all three years. This result is similar to data from (Cooke et al., 2006) , but, in 2009 and 2010, the numbers were totally different -nearly 60% and 75%, respectively, were A2 mating type (Cooke et al., 2012) . In our study, A2 mating type was found mostly in large scale conventional fields -the direct opposite result to Estonian studies, where the proportion of A2 mating type was significantly higher in small scale conventional fields (Runno-Paurson et al., 2010) . The spreading of A2 mating type poses a threat to sustainable potato production, because it is able to overcome previously late blight resistant varieties (Cooke et al., 2012) . The fact that both A1 and A2 mating types are present in most of the studied Latvian fields can lead to soil contamination with oospores so it is very important to maintain the crop rotation system, to prevent early outbreaks of the disease. All this data supports the evidence that the northern population of P. infestans in Europe along with Baltic countries Latvia and Estonia (Runno-Paurson et al., 2014) can be called the second centre of sexual reproduction of P. infestans (Yuen, Andersson, 2013) . The first finding of oospores in Latvia took place in the 1980s, but the research was discontinued. After that, the occurrence of oospores on potato leaves in Latvia was investigated during [2002] [2003] [2004] . In 80-94% of the investigated cases, oospores were found. Most of the oospores were formed on the potato plants in private gardens, where potatoes had been cultivated for many years, and the lowest frequency of oospores was in a certified organic field, where over twenty years other crops had been grown (Bimšteine, 2008) . However, there was no information about the ratio of the two mating types. Our results showed, that isolates sensitive to metalaxyl, were predominant. The results were similar to those obtained in the Nordic countries -Norway, Sweden, Finland and Denmark (Lehtinen et al., 2008) and Poland, where 58.3% of isolates were sensitive in 2006 (Chmielarz et al., 2014 (Chmielarz et al., ), and in 2007 (Chmielarz et al., -2009 , the proportion of metalaxyl-sensitive strains reached 75%. Isolates sensitive to metalaxyl dominated also in Lithuania in 2010 (Runno-Paurson et al., 2015 and in 2011 as well as 2013, over 50% of tested isolates were sensitive to metalaxyl in Northern Ireland (www. Another resemblance with the Estonian study is the fact that most of the metalaxyl-resistant isolates were A2 mating type (Runno-Paurson et al., 2010) . The amount of metalaxyl-resistant strains of P. infestans in Latvia may indicate low usage of fungicides on the fields from which the samples were collected. For example, in Finland, the proportion of metalaxyl-based products is less than 10% of all fungicides used to prevent late blight and at the same time, in Estonia, metalaxylbased fungicides are widely used (Runno-Paurson et al., 2014) . In Denmark, metalaxyl-M is not registered for commercial use at all (Lehtinen et al., 2008) .
In this study, we found 69 different pathotypes among the 156 isolates tested. In total 34.6% of the races were unique and found only from one isolate. The result is similar to Estonian studies in [2002] [2003] , where nearly half of the pathotypes were found only once (Runno-Paurson et al., 2009 ). The mean number of virulence factors per isolate was as high as 7.2. Twelve isolates were virulent to all R-gene differentials (1.2.3.4.5.6.7.8.9.10.11). In Finland (1997 , only one similar isolate was found, and, at the same time, the most common race 1.3.4.7.8.10.11 in Finland and in Estonia (2002 Estonia ( -2003 (Runno-Paurson et al., 2009) , was not found in Latvia. The most common races were 1.2.3.4.7.10.11 (15 strains) and 1.2.3.4.6.7.10.11 (13 strains), whereas the dominating race 1.3.4.7.10.11 in Europe and in Nordic countries was found only five times. Complex races are also common in Polish populations (Chmielarz et al., 2014) , a similar situation to that in Russia (Statsyuk et al., 2013) and in Estonia (Runno-Paurson et al., 2009; 2010; . Frequency of virulence against R2 gene has been rare in European countries like Poland, Denmark, Finland, Norway and Sweden (Lehtinen et al., 2008; Chmielarz et al., 2014) , but it is relatively high in Latvia, where 76% of the isolates were able to overcome the R-gene. Virulence factors R5 (27%), R8 (32%) and R9 (24%) were rare, but the incidence of those R-genes was still comparatively high when compared with results reported in Estonian populations in [2001] [2002] [2003] [2004] [2005] [2006] [2007] , where only 9% of the isolates were virulent to R5 and 11% to R9 (Runno-Paurson et al., 2013) . To compare our results with research done in the 1960s and 1970s, there have been major changes considering P. infestans races in Latvian populations -predominant races 1, 4 and 1.4 were replaced in less than twenty years with more complex races 4. 10.11, 1.4.7.8.10.11, 1.3.4.7.8.10.11 and 1.2.3.4.7.8.10.11 (Bebre et al., 2004) , as in most European populations. Yuen and Andersson (2013) reported that using specific resistance (R) genes, as a preventative method against P. infestans, can be useless due to the pathogen's evolutionary potential to break through the resistance created with these genes, but this study showed that there are still a few (R5, R8 and R9) R-genes that may be useful if used in parallel with other protective methods.
Our study indicated that the Latvian population of P. infestans is diverse. The proportion of mating types and the occurrence of both A1 and A2 in the same field indicate the possibility of sexual recombination in Latvian fields. Due to this, it is very important to keep the crop rotation system, to prevent soil contamination with long-living oospores. The Latvian population of P. infestans shares many similarities with other European populations suggesting gene flow between populations. ISSN 1392 -3196 Zemdirbyste-Agriculture Vol. 102, No. 3 (2015 341
Conclusions
1. The Latvian population of Phytophthora infestans is diverse. The proportion of mating types and the occurrence of both A1 and A2 in the same field indicate the possibility of sexual recombination in Latvian fields; therefore, it is essential to keep the crop rotation system to prevent soil contamination with oospores and early outbreaks of the disease in the fields.
2. Isolates sensitive to metalaxyl were predominant but were still absent from four (one organic and three large scale conventional) fields. About one fourth of the studied strains were resistant to metalaxyl.
3. A little more than one third of races found were unique and the mean number of virulences per isolate was 7.2. Twelve isolates were able to overcome all 11 (1.2.3.4.5.6.7.8.9.10.11) resistance (R) genes and the dominating race 1.3.4.7.10.11 in Europe and in Nordic countries was found only five times.
4. Latvian population of P. infestans shares many similarities with other European populations, which suggests gene flow between populations.
